Vortical structures around a wall-mounted cubic obstacle in channel flow are studied using numerical simulation. Flows of low-to-moderate Reynolds numbers up to Reϭ3500 are considered. The objective of this work is to elucidate characteristics of coherent vortical structures produced by the presence of the wall-mounted cubic obstacle, including horseshoe vortex systems upstream of the obstacle, lateral vortices in the vicinity of the two lateral faces of the cube, and hairpin vortices in the near-wake region. As the flow approaches the cube, the adverse pressure gradient produces three-dimensional boundary-layer separation, resulting in the formation of laminar horseshoe vortices. As the Reynolds number increases, the structure of the horseshoe vortex system becomes complex and the number of vortices increases in pairs. The distribution of skin friction on the cube-mounted wall reflects the effect of the horseshoe vortices. Unsteady horseshoe vortex systems are hardly found as long as the upstream flow is fully viscous; they are obtained when the cube is placed in the entrance region of a developing channel flow. The unsteady horseshoe vortex systems are characterized by a repeated process of generation, translation, and mutual merging of the vortices. The laminar wake is characterized by a pair of spiral vortices behind the obstacle; distinct singular points are identified leading to consistent flow topology. In the case of a turbulent wake, however, it is observed that the flow becomes less coherent in the near-wall region downstream of the obstacle. Instead, coherent structures such as lateral vortices and hairpin vortices are found in the vicinity of the two lateral faces of the cube and in the turbulent near-wake region, respectively. Quasiperiodic behaviors of those vortices are noticed and their frequencies are computed. The translating speed of the head portion of a hairpin vortex is lower than the streamwise mean velocity at that location. In the vicinity of the lower wall downstream of the cube, vortical structures of various length scales are identified; they become gradually elongated downstream of the flow reattachment.
I. INTRODUCTION
Vortical structure around a wall-mounted obstacle has been a long-lasting research topic not only for academic but also practical reasons. Since various types of vortices produced by the protruding surface of an obstacle significantly enhance momentum and heat transfer downstream of the obstacle, understanding their characteristics is essential for many engineering applications where the vortices play an important role. Most of the research on this topic, however, has been carried out in an open flow domain, even though there exist a number of practical applications where a wallmounted obstacle is present in internal flow.
In this study, physical aspects of the vortical structures generated by a wall-mounted obstacle in internal flow are investigated using numerical simulation. Especially, the horseshoe vortices and the hairpin vortices associated with a cubic obstacle mounted on one wall of a channel ͑Fig. 1͒ are studied. This specific internal flow has particular importance in association with printed circuit boards with chips mounted, heat exchangers with cooling fins, and turbines with rotor and blades, to name a few. Flows of low-tomoderate Reynolds numbers ͑Re͒ up to Reϭ3500 are considered; here Re is based on the inlet streamwise mean velocity and the spanwise width of the cubic obstacle ͑b͒ which is the same as one half of the channel height.
Horseshoe vortices are produced by three-dimensional boundary-layer separation near the junction of the lower channel wall and the obstacle. The boundary layer experiences an adverse pressure gradient in the main flow direction due to the blockage effect of the obstacle. When the adverse pressure gradient is significant, the boundary layer separates and a vortex which wraps around the obstacle and trails off is formed. Its overall shape resembles a horseshoe from which the name of the vortex originates. Horseshoe vortices have been attracting many researchers' attention for decades as they are often observed in junction flows of various types of engineering application; for example, junction of fuselage and wing of an airplane, junction of bridge pier and river bed, and junction of turbine blade and rotor, among others. Horseshoe vortices yield large shear stresses near the junction, and unsteady horseshoe vortices may cause serious damages on the structure due to fatigue and erosion.
It has been revealed by many researchers that horseshoe vortices exhibit diverse characteristics depending on flow paa͒ Author to whom all correspondence should be addressed. Electronic mail: ksyang@inha.ac.kr rameters such as geometry, Re, boundary-layer thickness, and so forth. Baker 1 experimentally showed that as the Reynolds number increases, the number of horseshoe vortices also grows and the vortex system becomes more complex and unsteady. Kubendran and Harvey 2 made an attempt to control the horseshoe vortex systems. Kelso and Smits 3 studied the unsteady characteristics of the horseshoe vortices produced by a jet instead of an obstacle. Besides these, other experimental investigations were also performed on the horseshoe vortices. 4 -6 Technical limitations of experimental methods, however, keep researchers from obtaining a clearer understanding of the flow physics. With the recent advent of powerful computers and efficient numerical algorithms, researchers have been carrying out numerical simulations to supplement the drawbacks of experimental techniques. [7] [8] [9] Kaul and Kwak 7 studied horseshoe vortices around a circular cylinder mounted on a flat plate, and classified their mechanisms. Visbal 8 considered the same geometry, and claimed that the far upstream saddle point could be an attachment point. Coon and Tobak 9 investigated Re dependency of laminar horseshoe vortices.
Hunt et al. 10 carried out kinematical studies of the flows around free or surface-mounted obstacles by applying topology to experimental flow visualizations. They suggested a simple mathematical relation to be satisfied by singular points in a section of a flow field, and applied it to the flow around a cubic obstacle mounted on a flat plate. For a detailed survey of horseshoe vortices, Ballio, Bettoni, and Franzetti 11 systematically analyzed the time-averaged characteristics of the horseshoe vortex system associated with a symmetric obstacle for both laminar and turbulent flows. They attempted to correlate the maximum value of the shear stress at the intersection of the symmetry plane with the bottom surface in front of the body, the position of the primary separation, and the longitudinal and vertical coordinates of the main vortex center, with the flow parameters such as h/b, ␦*/b, and Re ␦ * , where h, ␦*, b, and Re ␦ * represent obstacle height, displacement thickness of undisturbed boundary layer at the position of the obstacle axis, spanwise width of the obstacle, and the Reynolds number based on the freestream velocity and ␦*, respectively. They concluded that laminar junction vortices are more evidently influenced by the characteristics of the flow than turbulent ones.
Even though the horseshoe vortex systems remain laminar for Re currently considered, the flow region downstream of the obstacle is quite complex and can become even turbulent for moderate Re. The characteristics of coherent structures ͑CS͒ associated with the free-shear layer downstream of the obstacle, especially those of hairpin vortices, are also studied in detail.
Hairpin vortices were studied by many researchers in order to reveal the flow mechanisms related to generating turbulence. Haidari and Smith 12 performed experiments to study generation and development of hairpin vortices. They reported that flow injection can induce disappearance and regeneration of hairpin vortices. Elavarasan and Meng 13 carried out experimental investigation on CS in the turbulent wake downstream of a tab. They observed counter-rotating vortex pairs ͑CVP͒ past the tab and hairpin vortices far downstream, and reported that the frequency of the hairpin vortices is higher than that of CVP. Perry and Steiner 14 carried out a topological study on the large-scale CS in turbulent wakes behind bluff bodies using phase-averaged vector fields. Numerical studies on CS have been performed also. Yang, Spalart, and Ferziger 15 described the generation of ⌳ vortices and their subsequent development into hairpin vortices in a decelerating boundary layer using direct numerical simulation. Lesieur 16 studied mutual interactions of coherent structures in shear layers using large eddy simulation ͑LES͒. Suksangpanomrung, Djilali, and Moinat 17 performed LES and reported that hairpin vortices are generated near the reattachment point in backward-facing step flows.
Even though flows with turbulent inlet-velocity fields for the same flow geometry as the current one were studied by some authors, 18 -23 a comprehensive study on flows with laminar inlet-velocity fields and subsequent development of laminar horseshoe vortices and unsteady wakes is very rare. Unlike previous numerical simulations in an open domain, 7, 8 which imposed a symmetric condition on the center plane, present simulation does not have such restriction so that antisymmetric modes, if they exist, can be captured. The objective of this investigation is to accurately describe the vortical structures around a wall-mounted cubic obstacle in channel flow, including the steady and unsteady behaviors of the horseshoe vortex systems upstream of the obstacle and generation and development of hairpin vortices in the near-wake region downstream of the obstacle. Particular attention is paid to the unsteadiness of the vortices because presence of the upper wall can have more influence on the unsteady behavior of the vortices than on the steady one. A parametric study shows a growing kinematical complexity of the flow field as the Reynolds number increases.
II. FORMULATION AND NUMERICAL METHOD
All the variables except pressure and wall-shear stress are nondimensionalized by the inlet bulk mean velocity (U B ) between the two channel plates and b. Pressure and wallshear stress are nondimensionalized by 1/2U B 2 where denotes fluid density. It is implied that the variables indicated in all the following figures are nondimensionalized accordingly, unless specified otherwise. The code uses a nonuniform Cartesian staggered grid in a finite-volume approach. The governing equations are the continuity and the incompressible Navier-Stokes equations
where u 1 , u 2 , and u 3 ͑or u, v, w͒ are velocities in x 1 ͑streamwise͒, x 2 ͑normal͒, and x 3 ͑spanwise͒ directions ͑or x, y, z͒, respectively, and p is pressure. All the spatial derivatives including convective terms are discretized by the second-order central differencing. To advance the solution in time, a fractional step method 24 is employed; the resulting Poisson equation is solved by a multigrid method. The time-advancement of the momentum equations is hybrid; the convective terms are explicitly advanced by a third-order Runge-Kutta scheme and the viscous terms implicitly by the Crank-Nicolson method. The Courant number is fixed ͓Courant-Friedricks-Lewey ͑CFL͒ ϭ1.5͔, and time-step size is dynamically determined accordingly. Choi and Moin 25 reported that the time step corresponding to CFLϷ3 was fine enough to resolve the Kolmogorov time scale and to sustain turbulent fluctuations in their riblet computations. For a detailed description of the numerical method used in the current study, see Refs. 20 and 26.
III. CHOICE OF PARAMETERS AND BOUNDARY CONDITIONS
In all the cases considered in this work, the length of each side of the cubic obstacle is fixed as one half of the channel height (h/Hϭ0.5). For low Re equal to or below 250, the streamwise ͑L͒, normal ͑H͒, and spanwise ͑W͒ lengths of the computational domain are 10h, 2h, and 7h, respectively. For high Re above 250, the streamwise length of the domain is increased by 5h or 8h, while the other lengths remain unchanged.
Periodic boundary condition is employed in the spanwise direction. This, in fact, implies that obstacles are periodically mounted in z. However, the spanwise size of the computational domain is selected such that the influence of the neighboring obstacles is insignificant. A parametric study revealed that in the current flow configuration the vortical structures around the cubic obstacle are not affected by W, provided W/hϾ5. Ballio, Bettoni, and Franzetti 11 also reported that for most of the data they analyzed, it is W/b Ͼ4, which is normally considered sufficient to exclude major effects of W. At all the solid walls, the no-slip boundary condition is imposed; at the outlet of the domain, a convective boundary condition 27 is used. A special care is necessary at the inlet of the domain. When a fully developed laminar parabolic profile is imposed, a life-cycle of horseshoe vortices characterized by formation and mutual merging in a time-periodic fashion is not observed. To obtain such a vortex system, however, it turns out that it is necessary to use a developing channel flow which contains an inviscid core. It will be discussed in more detail in the next section. In that case, a simple uniform flow is imposed at the inlet.
The front face of the cube is located at xϭ3 for all the cases except the case with the uniform inlet profile at Re ϭ3500 (xϭ5 in this particular case as explained later͒. The number of control volumes was determined by gridrefinement study. At Re equal to or below 250, the finest numerical resolution employed was 128ϫ64ϫ96 in x, y, and z directions, respectively. For high Re above 250, the grid was refined up to 256ϫ96ϫ144 until the change in the skinfriction coefficient which is very sensitive to the numerical resolution was unnoticeable. The current numerical resolution is approximately 6.75 times finer than that of Shah 20 at Reϭ3000. For the case with the finest resolution, about 15 000 time steps are typically required for one flow-through. Key numerical parameters for all the cases reported in this article are summarized in Table I .
IV. RESULTS AND DISCUSSION

A. Steady horseshoe vortices
With laminar parabolic velocity profiles as inlet condition, computations were carried out until the steady state was reached. Figures 2͑a͒ and 2͑b͒ present streamlines at Re ϭ350 on the center x-y plane (zϭ3.5) and on the x-z plane corresponding to the first grid point away from the wall, respectively. In Fig. 2͑a͒ , clearly seen is the flow separation far upstream of the obstacle; the corresponding point in Fig.  2͑b͒ is often called a saddle point of attachment (S a ). One can also notice an attachment point just in front of the obstacle; the corresponding point in Fig. 2͑b͒ is often called a nodal point of attachment (N a ). Separation and the subsequent vortex roll-up are the essential procedures for the formation of a horseshoe vortex. At Reр20, the flow separation does not occur; no horseshoe vortex is observed. Downstream of the obstacle, a three-dimensional wake is formed ͓Figs. 2͑a͒ and 2͑b͔͒. The streamline which passes through the saddle point far upstream of the obstacle and trails around the obstacle forms a ''line of separation'' ͑LS͒ on the lower wall. This means that in the three-dimensional flow region upstream of the obstacle, streamlines approaching LS turn their directions upward away from the wall. Opposite is the case near the ''line of attachment'' ͑LA͒ formed by the streamline passing through the nodal point located immediately upstream of the obstacle. Consequently, on the x-z plane very near the lower wall, streamlines converge into LS, and diverge from LA. Since formation of a horseshoe vortex is preceded by flow separation, it must be confined inside the corresponding LS. It should be noted, however, that downstream of the obstacle, LS and LA are the results of a complex pattern of streamwise vortical structures. In Fig.  2͑b͒ , one can identify another LS passing through the saddle point (S s ) closer to the cube. In fact, there are two very closely spaced nodal (N a ) and saddle (S s ) points near x ϭ2.15 and zϭ3.5 in Fig. 2͑b͒ . They are caused by the presence of the secondary vortex there which is too weak to be visible in Fig. 2͑a͒ . The two nodal points symmetrically located downstream of the obstacle are foci; the flow approaches these points in a spiral fashion and simultaneously moves upwards to form spiral vortices. Figure 3 shows streamlines near the lower wall for various cases of Re. In the case of very low Re ͓Fig. 3͑a͔͒, the flow does not separate; consequently no horseshoe vortex is formed. For larger Re ͓Figs. 3͑b͒ through 3͑f͔͒, horseshoe vortices do appear. The LS which segregates the nearobstacle region from the incoming flow is clearly seen in Figs. 3͑b͒ through 3͑f͒, and the flow pattern inside the LS becomes more complex with increasing Re. The distance between the far-upstream saddle point and the upstream face of the cube grows as Re increases. So does the distance between the far-downstream nodal point and the rear face of the cube.
The blockage effect of the obstacle creates an adverse pressure gradient which makes the flow separate and trail off along the obstacle, forming a horseshoe vortex. In Fig. 4 , contours of magnitude of the shear stress tangential to the lower wall at Reϭ900 are shown. The values were obtained by taking the magnitude of the vectorial sum of the shear stresses in x and z. One can identify a horseshoe-shaped re- gion of strong shear stress around the obstacle, of which magnitude is approximately seven to ten times larger than that of the surrounding. The intense shear stress may cause erosion of the lower wall, and a safety issue must be seriously considered for any construction on the floor of a river or of the ocean. Figure 5 exhibits the skin-friction coefficient (C f ϭ w /1/2U B 2 ) normalized with that of the plane channel flow corresponding to the same Re (C f 0 ) along the center line (zϭ3.5) at some Reynolds numbers considered in this study. Here, w is the shear stress on the lower wall. Figure 5͑b͒ is a close-up view of C f /C f 0 near the obstacle. The skinfriction coefficient vanishes at the singular points. The zerofriction point near the obstacle ͓Fig. 5͑b͔͒ corresponds to N a , and the far-upstream one corresponds to S a in Figs. 2͑b͒ and 3. There exists no zero-friction point at Reϭ5. There thus appears no singular point nor horseshoe vortex. The number of singular points are doubled in the case of Re ϭ350, which implies a qualitative change in the horseshoe vortex system. It will be addressed in more detail later. As noticed in Fig. 4 , the magnitude of wall-shear stress is large beneath the horseshoe vortex. This is consistent with Baker's experimental results. 1 Compare Fig. 5͑a͒ with Fig. 2͑a͒ for Reϭ350. It is also interesting to note that the location of maximum skin-friction does not shift much with increasing Re.
The distance between the far-upstream saddle point and the upstream face of the obstacle (l sp ) is in general a function of several factors as follows:
Since the obstacle here has a fixed geometry and is contained in a fully viscous channel flow, Eq. ͑3͒ can be reduced to l sp /hϭF͑Re,y/h ͒. ͑4͒
A least-squares fitting can be employed to obtain a relation between l sp and Re on the lower wall. 11͒, but for the sake of comparability of the different obstacle shapes they measured the ''saddle-point distance'' from an ideal axis placed inside the obstacle at a distance of one half of the spanwise width from the leading edge.
As Re increases, the number of the horseshoe vortices also increases in pairs. Figure 7 shows streamlines on the center plane for four different values of Re. In the case of Reϭ50 ͓Fig. 7͑a͔͒, the streamline pattern does not show a definite vortex system, although separation takes place at x ϭ2.32 and a far-upstream saddle point can be identified in Fig. 3͑c͒ . At Reϭ250 ͓Fig. 7͑b͔͒, a complete horseshoe vortex system can be identified. At higher Re ͓Figs. 7͑c͒ and 7͑d͔͒, new primary vortices ͑Vortex 2 and Vortex 3͒ are created along with the corresponding secondary vortices between the primary ones. The direction of rotation of the secondary vortices is opposite to that of the primary ones.
At Reϭ1500, a six-vortex system was observed ͓Fig. 7͑d͔͒. It should be noted that in all the cases reported so far in this article the horseshoe vortices were found to be steady. An unsteady horseshoe vortex system for which we specifically mean a horseshoe vortex system undergoing cycles of formation and merging 1 was not detected in the range of Re we investigated. We further increased Re up to 3500 which is close to the theoretical value of the critical Re for the inlet parabolic profile. However, the ''unsteady'' behavior of the horseshoe vortices was not observed either, and the number of vortices remained as six. This obstructed channel flow is expected to be less stable than the inlet channel flow. Thus our simulation leads one to conjecture that unsteady laminar horseshoe vortices can hardly appear in the fully developed 6 . Correlation of the distance between the far-upstream saddle point and the upstream face of the obstacle (l sp ) with Re on the lower wall. Here, l sp was computed at ⌬y min away from the lower wall ͑see Table I͒. laminar internal flows, although the wake region downstream of the obstacle tends to become turbulent even at moderate Re between Reϭ350 and Reϭ900. This conjecture is supported by the fact that most of the studies on unsteady laminar horseshoe vortices 1, 5, 7, 8 were conducted for the junction flows where the boundary layer thickness is thin compared with the height of an obstacle, and also by Baker's observation 1 that the thicker the displacement thickness of the boundary layer, the higher the threshold value of Re for the appearance of unsteady horseshoe vortices. This point will be addressed in more detail in the next section. Shah 20 presented his LES results on a fully turbulent flow of Re ϭ3000 in the same geometry as ours. He separately computed the fully developed turbulent channel flow at the same subcritical Re, and used the instantaneous velocity fields at a given streamwise location as the inlet conditions of the LES at the corresponding times. Thus his turbulent horseshoe vortices at Reϭ3000 ͑which is lower than the maximum Re we tried with the parabolic laminar inlet velocity profile͒ cannot be regarded as ''natural'' because turbulence was ''supplied'' from the inlet.
Compared with the flow around a wall-mounted circular cylinder, the flow structure around the cube is quite complicated. In Fig. 8 , the streamline pattern on each face of the obstacle at Reϭ250 is shown. From this figure, one can deduce the separation structure around the cube. The flow hits the front face ͓Fig. 8͑a͔͒ and wraps around the obstacle ͓Figs. 8͑b͒, 8͑c͒, and 8͑d͔͒. The foci on the lateral ͓Fig. 8͑b͔͒ and the top faces ͓Fig. 8͑c͔͒ represent spiral flow patterns. At a lower Reynolds number ͑Reϭ150, Fig. 9͒ , however, the foci disappear and the flow becomes much simpler.
B. Unsteady horseshoe vortices
According to Baker's experiment, 1 there exists a certain range of ␦* for a given Re, in which the horseshoe vortex system is unsteady. Although his result was obtained for a circular cylinder mounted on a flat plate, one can get an insight from it, which can be applied to the internal flow under consideration. In Fig. 10 , the dashed line, taken from Baker's experiment, indicates the boundary between the steady and unsteady regions. From this figure, one can notice that unsteady horseshoe vortex systems can be obtained only when ReϾ2800 and the displacement thickness of the FIG. 7 . Streamlines on the center plane (zϭ3.5) upstream of the obstacle; ͑a͒ Reϭ50, ͑b͒ Reϭ250, ͑c͒ Reϭ900, and ͑d͒ Reϭ1500. boundary layer is much smaller than the diameter of the obstacle. In the range of ReϽ2800, it is not possible to obtain an unsteady system regardless of ␦*.
In the case of fully developed parabolic inlet profiles, the magnitude of the ''effective'' ␦* is comparable to that of the spanwise width of the cubic obstacle. Therefore, according to Fig. 10 , the vortex system is always steady in the laminar range of Re. Figure 10 , in turn, suggests that an unsteady horseshoe vortex system should be obtained if the obstacle is placed in the entrance region of the channel flow where an inviscid core exists and ␦* on each wall is very thin. To determine a proper location of the obstacle from the inlet where a uniform flow is imposed, the relations between h/␦* and Re at various distances from the leading edge in Blasius flow were computed and indicated by the symbols in Fig. 10 . Based on this calculation, was selected one target case of Reϭ3500 and an obstacle location of xϭ5, which belongs to the unsteady region. It should be recalled that this value of Re was the maximum Re we tried with the parabolic inlet velocity profile with the intention of obtaining an unsteady horseshoe vortex system. Obviously, the flow under current investigation is quite different from Blasius flow. However, in the entrance region where the boundary layers are developing at both walls, one could make a reasonable guess in selecting the proper location of the obstacle using Baker's result ͑Fig. 10͒. It turned out that was the case. Figure 11 shows a quasiperiodic behavior of the horseshoe vortex system obtained at this particular condition. Vortex 2 approaches Vortex 1 with approximately the same speed as the mean velocity, and then finally merges with Vortex 1. Vortex 1Ј is a secondary vortex and must be present for the no-slip condition to be satisfied on the wall. Concurrently, a new vortex, ''Vortex 3'' is born, and repeats the processes of translation and merging with Vortex 1 approximately at Stϭ0.25 based on U B and h. This repeated behavior is different from other researchers' previous observations; Baker 1 reported that Vortex 1 and Vortex 2 periodically move back and forth, and Visbal's numerical result 8 revealed a periodic production and disappearance of Vortex 1. The difference may be due to the facts that their geometries are different from ours and that Visbal used a symmetric assumption which is rather restrictive. It should be noted that Devenport and Simpson 6 found low-frequency oscillations of turbulent horseshoe vortices around a wing-body junction with St ϭ0.05 based on the undisturbed boundary-layer thickness and the approaching main-stream velocity. They reported that this unsteadiness seems to be produced by fluctuations in the momentum and vorticity of fluid from the outer part of the boundary layer which is recirculated as it impinges on the leading edge of the wing. Larousse, Martinuzzi, and Tropea 28 and Martinuzzi and Tropea 29 also presented experimental results on the unsteadiness of turbulent horseshoe vortices for the same flow configuration as ours at Re ϭ50 000 and Reϭ40 000, respectively. How the unsteadiness of the turbulent horseshoe vortices mentioned above is related to ours is by no means clear, but their findings may shed light on explaining why a high-inertia core ͑the inviscid core͒ is needed to obtain unsteady horseshoe vortices in the current flow configuration.
C. Horseshoe vortices in a developing channel flo
As indicated in the previous section, the horseshoe vortices behave differently depending upon the type of the boundary layer where they are in, even at the same value of Re. This fact motivates us to further investigate the characteristic differences between the two cases; one is ''Type 1'' where the obstacle is located in a fully developed channel flow, and the other is ''Type 2'' where the obstacle is located in a developing channel flow where the boundary layer thickness is small compared with h. All of the steady results shown so far belong to Type 1. For direct comparison with those results, some additional simulations were carried out using the same geometry as Type 1 and an uniform inlet velocity profile.
Figures 12͑a͒ and 12͑b͒ show streamlines at Reϭ250 on the center x-y plane (zϭ3.5) and at yϭ0.006, respectively. Figure 12͑a͒ reveals l sp ϭ0.79 which corresponds to Reϭ80 of Type 1 ͑Fig. 6͒. Furthermore, one can notice a significant qualitative difference between Figs. 12͑b͒ and 3͑f͒, while the streamline pattern in Fig. 12͑b͒ is quite similar to a low-Re case of Type 1 ͓Fig. 3͑d͔͒. In Fig. 13 , the distribution of skin-friction coefficient corresponding to each of the three cases mentioned above is shown along the centerline of the lower wall. Here, one can also identify a similarity between Reϭ250 of Type 2 and its lower-Re counterpart of Type 1.
All these observations suggest that the current definition of Re be inappropriate for the horseshoe vortices of Type 2; a ''local'' length scale such as boundary layer thickness would be more suitable for the definition of Reynolds number. Furthermore, as mentioned in the previous section, a horseshoe vortex system of Type 2 at high Reynolds numbers exhibits quasiperiodic characteristics which cannot be found for that of Type 1. The dependency of the quasiperiodic behavior on the type of flow is unique to horseshoe vortices in internal flows, and remains to be further explored for the purposes of not only practical application but also basic understanding of horseshoe vortices.
D. Hairpin and lateral vortices
The flow region upstream of the obstacle remains laminar for all Re considered in this work. In the near-wake region, however, the flow becomes turbulent at lower Re. This downstream flow region contains various flow structures such as free-shear layer, recirculating flow, redeveloping turbulent boundary layer, and so forth; little research work has been done on their mutual interactions and subsequent developments because of the complexity involved. In this section, generation and subsequent development of the hairpin vortices associated with the free-shear layer are discussed in detail. The free-shear layer, produced by the flow separation at the front edge of the obstacle, becomes unstable and yields vortex roll-ups leading to hairpin-like vortices.
Two cases of Reϭ1000 ͑Case 1͒ and Reϭ3500 ͑Case 2͒ are considered in this section; the corresponding uniform laminar flow is imposed at the inlet for each case. The flow in the near-wake region is turbulent in both cases, and quasiperiodic vortex roll-ups are noticed. In Case 1, a steady four-horseshoe vortex system is observed upstream of the obstacle, while a quasiperiodic six-horseshoe vortex system is obtained in Case 2. Numerical parameters for each case are listed in Table I. In Fig. 14, instantaneous contours of positive values of JϪ0.25⌬ 2 on the center plane are presented for Case 1 during one quasiperiod of generating a hairpin vortex at Re ϭ1000; frame 1 is at the same phase as frame 8. Here, J represents Jacobian of shear-stress vectors and ⌬ denotes divergence of shear stresses. This method is based on the topological consideration that a vortex core constitutes a focus which satisfies JϾ0.25⌬ 2 ͑see Ref. 10͒. In Fig. 14 , the asterisk ͑*͒ represents the center of the head portion of the hairpin vortex. The flow field near the front edge of the obstacle is nearly steady; in fact, that is the case in the region up to xϭ3.8. Past the rear edge of the obstacle, the shear layer becomes unstable and a new vortex head ͑Vortex 2͒ is born ͑Frames 7 and 8͒ while the existing vortex head ͑Vortex 1͒ is convected downstream ͑Frames 4, 5, and 6͒ and dissipated ͑Frames 7 and 8͒. It turned out that this process is repeated quasi-periodically. In the region where Vortex 1 disappears (5.0рxр6.0), one can notice eddies of a wide range of length scale, which is an indication of turbulent flow. In order to quantify the quasiperiodicity of the hairpin vortices, temporal variation of the streamwise velocity component (u c ) at the center of a hairpin vortex head ͑*͒ is presented in Fig. 15 ; approximately five periods are identified. Here, the instants of minimal u c correspond to those at which the hairpin vortex ͑Vortex 1͒ is about to disappear ͑Frame 6͒, while the instants of maximum u c correspond to those at which a new vortex ͑Vortex 2͒ is just formed ͑Frame 7͒. Figure 15 reveals that u c decreases as the hairpin vortex is convected downstream. It should be noted that the Strouhal number of the current hairpin vortex shedding ͑Stϭ0.8͒ is consistent with the experimental value ͑Stϭ0.84͒ of Elavarasan and Meng 13 measured in a tab wake. In fact, the head portion of a hairpin vortex moves more slowly than u c . The averaged value of u c nondimensionalized by U B is 0.6 while the averaged speed of a typical hairpin vortex head nondimensionalized by U B is 0.5. Figure 16 presents instantaneous contours of positive J Ϫ0.25⌬ 2 on the x-z plane at yϭ0.5h during one quasiperiod, identifying vortex shedding from the leading lateral edges of the obstacle. Frame 1 is at the same phase as Frame 8. A discrete vortex, hereafter called ''lateral vortex'' is quasiperiodically rolled up from each leading lateral edge of the cubic obstacle. One can notice that the vortex shedding in each side is locked in phase. Furthermore, its Strouhal number ͑Stϭ0.8͒ turns out to be the same as that of the hairpin vortex shedding. In order to elucidate the dynamical characteristics of the flow structures around the obstacle, one can define a coefficient for spanwise force loading as follows:
where F z denotes the instantaneous spanwise net force computed on the obstacle faces excluding the top one. This coefficient is quite analogous to the lift coefficient in the case of a two-dimensional cylinder immersed in a freestream. A typical time history of C z is presented in Fig. 17 ; here t is synchronized with the time variable in Fig. 15 . Figure 17 reveals that high-frequency modes are superimposed on a dominant low-frequency mode. The Strouhal number corresponding to the dominant low-frequency mode is 0.13 which is surprisingly similar to the typical Strouhal numbers ͑0.124 -0.13͒ observed in the flows around a square cylinder for a Re range compatible with the current Re. 30 It should be noted that a similar analogy also holds between the junction flow of a finite circular cylinder ͑Stϭ0.16 -0.17͒ 1 and the flow past a two-dimensional circular cylinder in a freestream ͑Stϭ0.16 -0.21͒. 31 However, the flow mechanism causing the spanwise low-frequency force loading on the cubic obstacle is not clearly understood yet. Baker 1 reported that the range of St for the wake vortex shedding of the circular cylinder is approximately 0.16 -0.17, which bears no relationship to the observed frequencies of oscillation of the horseshoe vortex systems. Since the ratio of cylinder height to cylinder diameter was large ͑4.76͒ in Baker's setup, one may conjecture that the low-frequency wake vortex shedding would be visible in the cases of flows past a ''tall'' wallmounted rectangular cylinder situated in a ''thin'' boundary layer. It should be also noted that in the current flow there are three distinct frequencies present ͑Stϭ0.13, 0, 0.8͒ corresponding to C z , the horseshoe vortex system, and hairpin/ lateral vortices, respectively, implying that the origin of each oscillation is quite different.
Vortical structure in the near-wake region ͑behind the obstacle and below the free-shear layer͒ is very complex; there is an overall flow recirculating in the clockwise direction along with spiral vortices near the rear face of the cubic obstacle and the legs of horseshoe vortices near the lower channel wall. It is very difficult to quantify their characteristics. Figure 18 reveals the regions of negative streamwise velocity very near the lower wall (yϭ0.005) at arbitrary three instants during one period of hairpin vortex shedding for Case 1. One can identify a steady four-horseshoe-vortex system upstream of the obstacle while the downstream flow is quite unsteady and non-periodic. The unsteadiness in the near-wake region is not correlated with the hairpin vortices at all. The mean reattachment length on the centerline (z ϭ3.5) is 2.08h downstream of the rear face of the obstacle. In Fig. 19 , instantaneous contours of the streamwise component of vorticity ( x ) are presented at the same y and at the same instants as in Fig. 18 . The steady horseshoe vortex system is clearly seen upstream of and wrapping around the obstacle. Near the mean reattachment points (xϭ6.08 on the centerline͒, one can identify relatively small eddies of 0.2h Ϫ0.8h, while somewhat slant and longer eddies ͑about h͒ are noticed further downstream. Figure 20 presents instantaneous contours of the second invariant of the velocity gradient tensor 32 ͑Q͒ for Case 1 in a perspective view. This method is useful in identifying three-dimensional vortical structures. All the vortices discussed in this study ͑horseshoe, hairpin, and lateral vortices͒ are clearly identified. In particular, hairpin and lateral vortices evolve far downstream of the cubic obstacle in contrast to those in a high-Re flow. See turbulent immediately after separation at the front edge of the obstacle, and the vortices are generated in the free-shear layer near the front edge. The developed vortex head is clearly noticed in the region 0.4hϪ0.6h downstream of the front edge; in Case 1 it was 1.9h -2.1h downstream of the front edge. Vortex 1 which corresponds to the head portion of a hairpin vortex is convected downstream ͑Frames 1 and 2͒ and dissipated ͑Frames 3, 4, and 5͒. Concurrently, a new vortex ͑Vortex 2͒ is generated ͑Frame 2͒ and convected downstream ͑Frames 3-6͒. This process is repeated quasiperiodically. The life-cycle of hairpin vortex described above is quite similar to that of Case 1, but St is almost doubled ͑1.6͒ in Case 2, indicating that not only length scale but also time scale of hairpin vortex are much finer in high-Re flows compared with those in low-Re flows.
V. CONCLUSION
In this investigation, numerical simulations were carried out to elucidate the characteristics of the vortical structures associated with the internal junction flow with a cubic obstacle mounted on one wall of a channel. Especially, the steady and unsteady laminar horseshoe vortex systems upstream of the obstacle and the hairpin vortices in the freeshear layer were studied in detail. Flows with low-tomoderate Reynolds numbers up to Reϭ3500 were considered. The horseshoe vortex systems are laminar in all the cases considered here, but flow becomes turbulent in the near-wake region including the free-shear layer at relatively low Reynolds numbers. Unphysical assumptions were ruled out in directly solving the governing incompressible NavierStokes and continuity equations. A parametric study reveals both qualitative and quantitative characteristics of the vortical structures associated with this particular geometry.
Flow separation occurs and a subsequent horseshoe vortex system is developed due to the adverse pressure gradient incurred by the obstacle. The number of vortices increases up to six in pairs as the Reynolds number increases. In the case of fully developed channel flow, the unsteady horseshoe vortex system is not found in the range of Reynolds number up to the critical value for the inlet parabolic velocity profile. The unsteady horseshoe vortex systems, characterized by a repeated pattern of generation, translation, and merging of the vortices, can be obtained only when the obstacle is placed in the entrance region of a developing channel flow where the boundary layers on the channel walls are thin.
Life-cycles of hairpin vortex generated in the free-shear layer downstream of and above the obstacle were also reported at Reϭ1000 and Reϭ3500, respectively; those processes turned out to be quasiperiodic. In the former case, hairpin vortices are generated in the near-wake region with relatively lower frequency ͑Stϭ0.8͒, while in the latter case they appear in the free-shear layer close to the front edge of the obstacle with almost doubled frequency ͑Stϭ1.60͒. This fact indicates that not only length scale but also time scale of hairpin vortex become finer as the Reynolds number increases. Lateral vortices shed from the leading lateral edges of the cubic obstacle were also identified. In the vicinity of the channel walls, small-scale eddies are observed especially near the reattachment points about two obstacle widths downstream of the rear face of the obstacle; the eddies are slant and elongated further downstream.
